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Abstract— Energy systems are evolving rapidly around the 
world, driven mainly by CO2-e reduction targets.  This has led to 
opportunities for integrated low carbon electricity-and-fuel 
systems founded on large scale “Power-to-Hydrogen, Hydrogen-
to-X” (PtH-HtX). Power-to-Hydrogen (PtH) refers to large scale 
electrolysis. Hydrogen-to-X (HtX) refers to a range of high value 
products and services.  If these pathways start with low-carbon 
electricity, then the fuel consumed at the downstream end also 
low-carbon. Use of intermittently low valued power lowers all 
production costs.  This paper specifically identifies the main 
pathways and interconnections in a way that overcomes the 
ambiguities inherent in the term “Power-to-Gas”.  In turn, this 
provides solid and easier to understand foundations for building 
legal and regulatory frameworks for new business opportunities 
along the lengths of the numerous pathways from supply to 
consumption. 
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Index Terms— energy markets, low carbon fuels, fuel cells,  
hydrogen storage, load management, power-to-gas 
I. INTRODUCTION 
Energy systems are rapidly and substantially changing 
around the world due to a variety of factors [1-8]: 
• Increasing demand for energy worldwide due to 
globalization and emerging and developing countries; 
• Increasing share of renewable electricity production; 
• GHG / Carbon dioxide equivalent (CO2-e) emissions 
reduction targets; 
• Local pollution constraints; 
• Deregulation in the energy system, allowing new 
industries and technologies to enter the market; 
• Energy security constraints and system reliability 
requirements; 
• Decentralisation of energy production system (both 
fuel and electricity). 
The balancing of the electricity grid is becoming 
increasingly challenging with increasing proportions of 
renewable energy production. Solutions such as transmission 
super-grids and interconnectors, energy storage (‘electrical 
power to storage to electrical power’, (PtStP) ), smart grids and 
demand management, and back-up capacity implementation 
can certainly support the above transition.  However, 
fundamentally new measures are expected to be needed to 
manage the grid as proportions of renewable energy sources 
continue to increase monotonically. Further, the need for 
decarbonizing the whole energy system, including transport, 
needs to be considered, as does the difficulties and 
opportunities from dealing with the requirements in heavy 
industries. Power-to-hydrogen (PtH) system components thus 
clearly become part of the broader picture.  
Hydrogen production via electrolysis makes it possible to 
quickly adjust the power consumption: electrolysers can indeed 
reach full load operation within a few minutes, even a few 
seconds [9]. They can also decrease power consumption in the 
sub-second time-frame and thus provide frequency control 
ancillary services. Another key advantage relative to PtStP 
technologies is that whereas PtStP just time-shifts the electricity 
grid balancing challenge, PtH takes the excess renewable power 
out of the electricity grid once and for all is expected to have 
benefits under many conditions. Accordingly, hydrogen 
production is expected to be economically and technically 
attractive way to contribute to power systems management. 
With these anticipated benefits in mind, the Hydrogen 
Implementing Agreement (HIA) of the International Energy 
Agency (IEA) approved the creation of “Task 38” at a meeting 
the 72nd HIA Executive Committee, in October 2015. Task 38 
is examining the role of hydrogen as a key energy carrier for 
sustainable integrated energy systems. The Task is entitled: 
“Power-to-Hydrogen and Hydrogen-to-X: System Analysis of 
the techno-economic, legal and regulatory conditions”. The 
Task includes contributions from over 50 experts from 34 
organizations across 15 countries [10]. 
The primary objective of the Task is to provide a 
comprehensive understanding of the numerous economic 
pathways from intermittently low cost clean power to high 
value products and services using electrolysis as the first step. 
Power is becoming increasingly intermittently low in price in 
regions with high proportions of renewable energy production, 
due to corresponding periods of excess production relative to 
demand. The work is accounting for the specifics of 
geographically different local situations in addition to generic 
systems analysis.  It will also undertake a comprehensive 
review and assessment of existing legal frameworks. 
Identifying the local key parameters combined with a various 
portfolio of different business development opportunities will 
be a key aspect in the Task. Work will include both the business 
model evaluation and analysis of the benefits in terms of macro-
economic impacts through a systemic approach. A specific 
objective will be to deliver some general guidelines and 
recommendations to both business developers and policy 
makers to enhance hydrogen system deployment in energy 
markets.  
In this paper we use “low carbon” as follows:  Electrolysis 
is operationally low CO2-e only if the inherited CO2-e from 
power used as input to the electrolysis plant is less than the 
CertifHy benchmark of 36.4 gCO2-e / MJ of hydrogen 
produced [11].  Similarly,  while “renewable electricity” can 
in general refer to a broad collection of energy harvesting 
technologies, for Task 38 purposes it refers to the two dominant 
(for economics analysis purposes) technologies of wind and 
solar power. 
The “Power-to-hydrogen” (PtH) concept means that once 
hydrogen is produced from low carbon electricity, a potentially 
large portfolio of uses is possible. Applications across diverse 
sectors include transport, blending with natural gas, and PtStP. 
Additional products and services include the general business 
of merchant hydrogen for energy or industry, and provision of 
ancillary services to power networks. At large scales, PtH can 
also facilitate deferral of upgrades to distribution and 
transmission network components. 
Accordingly, the primary objective of this paper is to 
present the “Power to Hydrogen - Hydrogen to X” as broadly 
as space permits in this context. Our broad approach results in 
a more rigorous analysis foundation than the “Power-to-Gas” 
concept which is specific when taken literally, as well as 
completely general if interpreted to mean “anything”. Each 
pathway is defined and presented in sufficient detail to 
understand how each opportunity fits into the overall integrated 
system.  
II. THE LIMITS OF THE POWER-TO-GAS CONCEPT 
Producing hydrogen from electricity and then mixing 
hydrogen directly with natural gas, or synthetizing methane by 
reacting hydrogen with carbon dioxide and then injecting the 
methane into the natural gas grid, are two key options that are 
sometimes termed as “Power-to-Gas” [12,13]. However, the 
“Power-to-Gas” concept is rarely properly and precisely 
defined. In fact, in the literature Power-to-Gas can refer to 
power to hydrogen for injection in the natural gas network, or 
for a range of different applications, sometimes even including 
fuel for mobility. 
Further, Power-to-Gas sometimes exclusively refers to 
renewable power to hydrogen to gas. At other times this term is 
used to refer more generally to “excess” or “surplus” power. In 
yet other instances the term refers to producing hydrogen from 
power without any quantitative specificity of the CO2-e 
inherited from the electricity. 
To overcome these ambiguities and lack of semantic 
precision, Task 38 is instead promoting the phrase “Power-to-
Hydrogen and Hydrogen-to-X (PtH-HtX)”.  This keeps 
“hydrogen” at the center and thus emphasizes its flexibility as 
an energy carrier and an input industrial chemical production. 
It also ensures that the monetary value of “gas” does not 
dominate the perceived value of the processes being 
investigated. The next section presents an enumeration of 
pathways from intermittently low value power to high value 
products and services. 
III. SCREENING THE “POWER-TO-HYDROGEN AND 
HYDROGEN-TO-X” PATHWAYS 
A.  The common step: Power-to-Hydrogen 
The common component of all “PtH-HtX” pathways is the 
Power-to-Hydrogen step.  
Hydrogen from electrical power uses electrolysis: a process 
that until recently has been only deployed at small scales, but 
100+ MW systems are now realistic and can be expected to be 
deployed within a few years. Electrical energy is used to split 
water into hydrogen and oxygen. Task 38 will review the roles  
of all electrolysis technologies, primarily: 1) alkaline and 2) 
proton exchange membrane (PEM), each of which are allocated  
a full chapter each in [8].  
Co-electrolysis [14] refers to the co-production of both 
hydrogen and carbon monoxide from water and carbon dioxide, 
from which hydrocarbon fuels can be synthesized. High 
temperature electrolysis uses cogenerated heat from power 
production to increase the efficiency of the electrochemical 
reaction. 
The key motivation  for developing PtH-HtX pathways is to 
in turn develop cost effective decarbonization of both the power 
and fuel sectors of the energy system. Accordingly, PtH needs 
to be economically and environmentally competitive with other 
low-carbon production processes, such as emerging solar 
hydrogen [15] and thermo-catalytic methane decomposition 
[16], also known as methane cracking, potentially co-producing 
high purity graphite [17]. In turn, a key to the economic 
competitiveness of PtH is the intermittent availability of low, 
zero, or negatively priced electricity. Diverse types of PtH 
systems can be considered, namely, off-grid, on-grid, and 
directly connected with a renewable power source with back-
up connection to the grid. 
B. Screening the Hydrogen-to-X pathways 
With the aim of decarbonization of a complete integrated 
energy system covering both power and fuel, all the sectors can 
be targeted. The three main pathways are the transport sector, 
the industry sector, and the energy sector (power, gas and 
heating/cooling). 
For the transport sector, hydrogen offers diverse pathways 
for decarbonization. Hydrogen can be used in fuelcells in 
vehicles, as either the only source of electricity to the electric 
drive train and any onboard batteries for regenerative braking, 
or as range extension to plugin battery electric vehicles [18]. 
Low-carbon hydrogen can also be an input to synthetic liquid 
fuel production. Similarly, synthetic and biomass sourced 
hydrocarbon fuel production can be enhanced by using low 
carbon hydrogen  [19,20,21]. Low carbon synthetic fuels are  
particularly attractive for aviation.  Another pathway for the 
transport sector is the production of synthetic gas fuels, where 
hydrogen is reacted with carbon dioxide to generate synthetic 
methane. Again, given that decarbonisation is the key 
motivation, the life-cycle balance of these systems needs to 
reviewed with due diligence.  
Industrial chemical technologies use hydrogen across many 
segments. The two major examples are hydrocarbon refineries, 
and ammonia for fertilizers. Together they represent over three 
quarters of global hydrogen demand [22]. Most hydrogen 
consumed to date by these industries has been produced using 
emissions-intensive steam methane reformation. Other carbon 
intensive production methods include coal gasification and oil 
cracking. Clearly, providing low carbon hydrogen with PtH 
would decrease the carbon footprint of these industries.  
Finally, the versatility of low carbon hydrogen can make it 
a unique energy carrier for contributing to the decarbonisation 
of the entire energy sector in the broadest sense: power, fuel, 
and heating/cooling. 
After having been generated from low carbon power, 
hydrogen can be used to regenerate clean electricity through 
fuel cells or gas turbines. Power production from hydrogen is 
particularly promising for off-grid applications (e.g. supply of 
remote communities and back-up power). But for grid-
connected applications, a very large difference in power 
buy/sell price is required for PtHtP to be competitive. 
Low carbon hydrogen can contribute to decarbonizing gas 
supply through blending. Two options are open.  The first 
option is to directly blend hydrogen with natural gas in the 
natural gas grid. The amount of hydrogen that can be directly 
injected is limited. The second option is to inject synthetic 
methane produced from methanation, in which low carbon 
hydrogen is  reacted with carbon dioxide (or also in principle, 
carbon monoxide). The scale of this second option is 
unbounded with respect to proportions injected. 
Finally, hydrogen can also be used to for heating and 
cooling, and for combined heat and power (CHP) applications.  
A visualization of the main PtH-HtX pathways with 
interconnections from low carbon intermittently low valued 
electricity to (potentially) high valued products and services, is 
presented in Figs.1 and 2. 
C.  Expanding the value chain via the provision of ancillary   
services 
As also presented in Figs. 1 and 2, extra revenues from PtH 
could potentially be obtained by providing system support 
services to the grid, in particular “Frequency Control Ancillary 
Services” (FCAS) (see for instance [23]) concurrently with 
hydrogen production. Depending on the specific power system 
and market, different types of ancillary services may be 
required which can potentially be provided by PtH. These 
include primary and secondary frequency response (usually 
with a collection of event-response times in the order of 
seconds, tens of seconds, and minutes), as well as different 
types of reserves with event-response times in the order of 
minutes, and tens of minutes. Recently, new fast frequency 
response services are also emerging (see for example [24,25]).  
The event-response times for these are in the sub-second time 
scale, particularly to address a loss of system inertia in the 
presence of high instantaneous penetration of renewable 
electricity output, which exacerbates the frequency balance 
challenge. These services could be provided by electrolyzers 
that represent the initial step in all PtH pathways. 
By providing FCAS, PtH could thus enable both the 
productive consumption of excess renewable power when 
demand is low, and grid security and reliability services that 
overcome the resistance by some to the ongoing deployment of 
increasingly high proportions of renewable power capacity. 
 
IV. CONCLUSIONS: PTH-HTX OPPORTUNITIES FOR THE 
ENERGY SYSTEM AND BEYOND 
The main drivers for Power-to-Hydrogen and Hydrogen-to-
X is decarbonizing the energy system and productively 
enabling ongoing increases proportions of renewable power 
capacity. This paper discussed the potential role of hydrogen 
systems to decarbonize the transport, industry and energy 
sectors (power, gas, and heating/cooling). Assessing the 
hydrogen potential on each of the identified sector, as well as 
the feasibility for hydrogen to enter the identified markets was 
beyond the scope of this paper. The aim was rather to highlight 
the potential of hydrogen of being a key enabler towards a low-
carbon economy. 
In this context, this paper has begun to precisely identify the 
main PtH-HtX pathways that can be considered, in order to 
overcome the ambiguities related to the phrase “Power-to-Gas”. 
Each pathway has been defined in order to examine the 
associated opportunity for the energy system. Specific attention 
is given to the definitions of the words and the interconnections 
along the main pathways, to prepare for providing inputs to 
future Codes and Standards committees, and to provide solid 
foundations for building legal and regulatory frameworks for 
new business opportunities. This is an ongoing work of Task 
38, through the collaboration with the standardization 
organizations CEN (the European Committee for 
Standardization) and CENELEC (the European Committee for 
Electrotechnical Standardization). 
ACKNOWLEDGMENTS 
The present work was carried out in the framework of the Task 
38 of the Hydrogen Implementing Agreement of the 
International Energy Agency. The task is coordinated by 
Institute for techno-economics of energy systems (I-tésé) of 
the CEA, supported by the ADEME.  Hydricity Systems 
receives support in part from the ATO/AusIndustry’s Research 
and Development Tax Incentive program. Pierluigi Mancarella 
would like to acknowledge the partial support by the UK 
EPSRC through the MY-STORE project (EP/N001974/1). 
REFERENCES 
 
 
[1] A. Finkel, K. Moses, C. Munro, T. Effeney, and M. O’Kane, 
"Independent Review into the Future Security of the National Electricity 
Market: Preliminary Report," Canberra, Australia2016. 
[2] International Energy Agency, "Renewable Energy: Medium-Term 
Market Report 2016: Market Analysis and Forecasts to 2021," 2016. 
[3] US Federal Energy Regulatory Commission, "Electric Storage 
Participation in Markets Operated by Regional Transmission 
Organizations and Independent System Operators," ed. Washington DC, 
2016, p. 139. 
[4] AECOM Australia Pty Ltd, "Energy Storage Study - Funding and 
Knowledge Sharing Priorities," 2015. 
[5] CSIRO and Energy Networks Australia, "Electricity Network 
Transformation Roadmap: Interim Program Report," Canberra, 
Australia, 2015. 
[6] New York State, "Reforming the Energy Vision: Whitepaper March 
2016," New York2016. 
[7] AEE Institute, "Toward a 21st Century Electricity System in California," 
San Francisco, 2015. 
[8] T. Brown, S. A. Newell, D. L. Oates, K. Spees, and The Brattle Group 
Inc., "International Review of Demand Response Mechanisms: prepared 
for the AEMC," 2015. 
[9] A. Godula-Jopek, Ed., Hydrogen Production by Electrolysis (Sustainable 
/ Green Chemistry. Wiley, 2015, p.^pp. Pages. 
[10] P. Lucchese, A. Le Duigou, and C. Mansilla, "Power-to-Hydrogen and 
Hydrogen-to-X: System Analysis of the techno-economic, legal and 
regulatory conditions: A new task of the IEA Hydrogen Implementing 
Agreement," presented at the 21st World Hydrogen Energy Conference 
(WHEC 2016), Zaragoza, Spain, 2016. 
[11] J. Castro, D. Fraile, F. Barth, W. Vanhoudt, M. Altmann, and W. 
Weindorf, "Technical Report on the Definition of ‘CertifHy Green’ 
Hydrogen," Brussels, Belgium26 October 2015 2015. 
[12] S. Schiebahn, T. Grube, M. Robinius, V. Tietze, B. Kumar, and D. 
Stolten, "Power to gas: Technological overview, systems analysis and 
economic assessment for a case study in Germany," International 
Journal of Hydrogen Energy, vol. 40, pp. 4285-4294, 4/6/ 2015. 
[13] G. Gahleitner, "Hydrogen from renewable electricity: An international 
review of power-to-gas pilot plants for stationary applications," 
International Journal of Hydrogen Energy, vol. 38, pp. 2039-2061, 2/19/ 
2013. 
[14] M. Reytier, S. Di Iorio, A. Chatroux, M. Petitjean, J. Cren, M. De Saint 
Jean, et al., "Stack performances in high temperature steam electrolysis 
and co-electrolysis," International Journal of Hydrogen Energy, vol. 40, 
pp. 11370-11377, 9/21/ 2015. 
[15] M. M. May, H.-J. Lewerenz, D. Lackner, F. Dimroth, and T. Hannappel, 
"Efficient direct solar-to-hydrogen conversion by in situ interface 
transformation of a tandem structure," Nature Communications, vol. 6, 
p. 8286, 09/15/online 2015. 
[16] A. H. Fakeeha, A. A. Ibrahim, W. U. Khan, K. Seshan, R. L. Al Otaibi, 
and A. S. Al-Fatesh, "Hydrogen production via catalytic methane 
decomposition over alumina supported iron catalyst," Arabian Journal of 
Chemistry. 
[17] Hazer Group Ltd, "Hazer Group Ltd Prospectus," 2015. 
[18] EU Fuelcells and Hydrogen Joint Undertaking (FCH JU), "A portfolio of 
power-trains for Europe: a fact-based analysis.  The role of Battery 
Electric Vehicles, Plug-in Hybrids and Fuel Cell Electric Vehicles," 
Brussels, Belgium 2010. 
[19] Federal Ministry of Education and Research (BMBF), "Technologies for 
Sustainability and Climate Protection - Chemical Processes and Use of 
CO2," Federal Ministry of Education and Research (BMBF), 
Germany2014. 
[20] J. Imbach, "BtL – Biomass to Liquid: What is possible in the future?," 
presented at the Fuels of the Future 2012: 9th BBE/UFOP International 
Congress on Biofuels, International Congress Center Berlin, 2012. 
[21] B. Decourt, B. Lajoie, R. Debarre, and O. Soupa, "Hydrogen Based 
Energy Conversion, More than Storage: System Flexibility," Paris, 
France2014. 
[22] J.-L. Durville, J.-C. Gazeau, J.-M. Nataf, J. Cueugniet, and B. Legait, 
"Filière hydrogène-énergie. Rapport au Madame la ministre de 
l’écologie, du développement durable et de l’énergie, et Monsieur le 
ministre de l’économie, de l'industrie et du numerique. (The hydrogen 
energy sector. Report to the Minister of Ecology, Sustainable 
Development and Energy, and the Minister of Economy, Industry and 
Digital Technology)," France INIS-FR--16-0808, 2015. 
[23] Australian Energy Market Operator (AEMO), "Demand Response 
Mechanism and Ancillary Services Unbundling - Detailed Design," 15 
November 2013, 2013. 
[24] Modern Power Systems. (2016). Batteries for fast frequency response in 
the UK. Available: 
http://www.modernpowersystems.com/features/featurebatte
ries-for-fast-frequency-response-in-the-uk-4944789/ 
[25] "ITM achieves rapid response electrolysis in P2G energy storage," Fuel 
Cells Bulletin, vol. 2016, p. 9, 1// 2016. 
 
 
 
 
 
 
Figure 1:  PtH-HtX: Enumeration of the main pathways from low carbon, intermittently low valued power to high value products and services 
  
 
 
Figure 2:  PtH-HtX: Icons legend of products, services, and energy transformation technologies 
 
 
